tastasis. The structural requirements for inhibition of growth factors, heparanase, and selectins by heparin derivatives are somewhat different for the different activities. An N-acetylated, glycol-split heparin provides an example of application of a non-anticoagulant heparin that inhibits cancer in animal models without unwanted side effects. Delivery of this compound to mice bearing established myeloma tumors dramatically blocked tumor growth and progression.
Introduction
Low-molecular-weight species of heparin appear to prolong survival of patients with cancer. In recently published randomized controlled trials, different types of low-molecular-weight heparin (LMWH) increased the survival of patients with advanced cancer [1] . Animal studies using non-anticoagulant species of heparin indicate that it is possible to separate the antimetastatic and anticoagulant activities of heparin [2] . The use of heparin as an antitumor agent is limited due to its potent anticoagulant activity. Because LMWHs also retain some anticoagulant activity, non-anticoagulant heparins are preferable for potential clinical use because they could be administered at high doses, thereby fully exploiting the antimetastatic component of heparin, and because they could be applied to cancer patients with bleeding compli-cations. The mechanism by which heparins and nonanticoagulant heparins inhibit metastasis is not fully understood. However, evidence suggests that heparin species inhibit mitogenic signaling mainly through inhibition of growth factors and their receptors [3] , and/or by inhibition of the enzyme heparanase [4] . Another possibility is that heparin inhibits metastasis by blocking platelet-tumor cell interactions, thereby inhibiting aggregates of tumor cells lodging in the microvasculature. Heparin and non-anticoagulant heparins also inhibit selectin-mediated cell-cell interactions thus preventing extravasation of blood-borne cells [5] . The present overview covers some structural and functional aspects associated with the anticancer activities of heparin species, with special emphasis on non-anticoagulant heparins.
Structure and Functional Domains of Heparin
Heparin is a sulfated polysaccharide belonging to the family of glycosaminoglycans. The structure of heparin has been extensively investigated especially to unravel features associated with its potent anticoagulant activity. The emerging interest in non-anticoagulant properties of heparin and their prospective therapeutic applications has extended these studies with the aim of understanding the molecular basis and possible interplay of different activities. The anticoagulant properties of heparin have long been thought to be exclusively associated with the prevalent, 'regular' sequences of this polysaccharide. The unexpected discovery that these properties are largely dependent on small, antithrombin (AT)-binding domains that are present in no more than one third of the chains constituting heparins currently used in therapy has led to reappraisal of the role of minor sequences in determining specificities of biological interactions of heparin [6] .
Heparin is constituted by alternating disaccharide sequences of a uronic acid and an amino sugar, the uronic acid residues being L -iduronic acid (IdoA) and D -glucuronic acid (GlcA), and the amino sugar exclusively Dglucosamine (GlcN). IdoA prevalently bears sulfate substituents at position 2; GlcN is prevalently N-sulfated (Nacetylated in minor sequences) and 6-O-sulfated.
The main structural regions of heparin and the structure of its most represented disaccharide sequences are shown in figure 1 , where 1 (2-O-sulfated iduronic acid -N,6-disulfated glucosamine) are major components of the N-sulfated (NS) region, which is prevalent ( 1 70%) in heparin, and 3 (glucuronic acid -N-acetylated glucosamine) and 2 are components of the less abundant Nacetylated (NA) and mixed (NA/NS) regions, respectively. The minor but important sequence is the pentasaccharide 4, which is the AT-binding sequence (AT-bs). Though being contained in not more than one third of the chains, the AT-bs accounts for most of the anticoagulant activity of clinically used heparins. Sulfate groups essential for high affinity to AT are circled in formula 4; the central GlcA residue is also essential for high-affinity binding to AT [7, 8] .
Non-Anticoagulant Heparins
Non-anticoagulant heparins can be obtained either by removing from unfractionated heparin (UH) its chains containing sequence 4, which can be achieved by complexation with AT applying affinity chromatography or precipitation experiments. Alternatively, sequence 4 can be 'inactivated' by modification of one or more groups or residues that are essential for high affinity to AT. Thus, N-desulfation, i.e., removal of sulfate substituents from N-SO 3 groups, involves removal also of the essential sulfamino group of the internal residue ( * ) of sequence 4 and implies a dramatic drop in anticoagulant activity. A similar drop can be achieved upon 2-O-desulfation, i.e., removal of the sulfate group of IdoA2SO 3 residues. As illustrated in formula 4, this group is only marginally essential for high affinity for AT. However, under the basic conditions used for 2-O-desulfation, the internal residue ( * ), which is a marker of the active site for AT, loses its essential 3-O-sulfate group. The anticoagulant activity of heparin can be even more drastically decreased by modification of the GlcA residue of sequence 4, as achievable by reduction of its carboxyl group, or by cleavage of the bond between its two hydroxyl groups. This latter reaction, most often quantitatively performed by periodate oxidation of all non-sulfated uronic acid residues of heparin, leads to the so-called 'glycol-split' (gs) heparins. Glycol splitting does not involve the major sequences 1, to which most of the non-AT-mediated activities of UH and LMWH are ascribed. Periodate oxidization of heparin only at the level of the original non-sulfated uronic acid units (mostly GlcA, but also IdoA) are designated 'reduced oxyheparins' (RO.H), since they are stabilized by reduction (forming CH 2 OH groups) of the primary oxidation product (a polydialdehyde). A wide class of glycol-split heparin species can also be obtained by controlled 2-O-desulfation of heparins and periodate oxidation/reduction of both the preexisting and the newly generated non-sulfated IdoA residues [9] . The statistical figure 2 together with that of the parent heparin (5, H). Heparin fractions devoid of chains containing the AT-bs still retain the anticoagulant properties associated with non-AT-mediated mechanisms. Desulfation of heparin involving removal of sulfate groups in sequences located outside the AT-bs leads to impairment of thrombin inhibition mediated by heparin cofactor II (HC2) and release of vascular tissue factor pathway inhibitor (TFPI). It should be remembered that inhibition of factor Xa can be efficiently achieved with sequences as short as pentasaccharide provided it has the specific structure 4. For inhibition of thrombin, the AT-bs should be prolonged by about five additional disaccharide units (usually of the 'regular' type 1, with minor internal variants allowed). Like most of the AT-mediated heparin activities, the anticoagulant properties mediated by HC2 or induced by release of TFPI are molecular weight dependent and require a minimum chain length to express significant activities [7, 8] .
Most of the anticancer mechanisms of heparin species are exerted through competition with functions of the heparan sulfate (HS) chains of HS proteoglycans (HSPGs) [10, 11] . HSPGs are ubiquitous macromolecules associated with the cell surface and the extracellular matrix (ECM) of a wide range of tissues. HSPGs within the ECM are either secreted by cells (e.g. perlecan) or initially expressed as cell surface HSPGs and then proteolytically shed from the cell surface (e.g. syndecans). HSPGs play a critical role in regulating the metastatic behavior of tumor cells. HS proteoglycans may at times act as inhibitors of cell invasion and at other times as promoters of cell invasion, with their function being determined by their location (cell surface or ECM), the heparin-binding molecules they associate with, the presence of modifying enzymes (i.e., heparanase) and the precise structural characteristics of the proteoglycan. Also, the tissue type and pathological state of the tumor influence proteoglycan function [12] . The basic HSPG structure consists of a polypeptide core to which several linear HS chains are covalently O-linked. HS binds to and assembles ECM proteins thus playing important roles in ECM integrity, barrier function, and cell-ECM interactions. The HS chains ensure that a wide variety of bioactive molecules bind to the cell surface and ECM and thereby function in the control of diverse normal and pathological processes.
HSPGs not only provide a storage depot for heparinbinding molecules such as growth factors, but rather can decisively regulate their accessibility, function and mode of action [10, 11] .
The structure of HS is similar to that of heparin, differences between the two glycosaminoglycans being mainly in the relative proportions of sequences shown in figure 1 . HS is less sulfated than heparin and its NA and NA/NS domains are more extended than the NS domains. Nevertheless, HS sequences most commonly identified to interact with growth factors are the more 'heparin-like' sequences 1 located along the NS region [8] . Growth factors more extensively studied as implicated in tumor growth are fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF). These factors are sequestered by HS chains of HSPGs, and are released upon cleavage by the enzyme heparanase [4] . Such a cleavage occurs only at a few sites (at the level of GlcA residues), resulting in fragments of still appreciable size (10-15 units) that activate the growth factors, facilitating their dimerization, binding to receptors, and signaling. Enzymatic degradation of HS leads to disassembly of the ECM and is therefore involved in tissue remodeling and cell migration, including cancer angiogenesis and metastasis [4] . (5), N-acetylated heparin (6) , and the corresponding RO (reduced oxyheparin) derivatives RO.H (7) and NA-RO.H (8), where all non-sulfated uronic acid residues of H and NA-H are glycol split; for simplicity, only GlcA and glycol-split (gs) GlcA residues are shown. Formula 9 represents a heparin derivative where additional non-sulfated uronic acid residues (generated by selective 2-O-desulfation of IdoA2SO 3 residues) were glycol split, to reach about 1: 1 ratio of split to non-split residues. The value of n varies from 1 to 5 in 5-8 and is = 1 in 9 [9] .
Non-Anticoagulant Heparins and Cancer
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The involvement of heparanase in cancer is well documented. Heparanase is preferentially expressed at early stages of carcinoma progression and is upregulated in essentially all human tumors examined. There is also a correlation between heparanase expression levels and tumor vascularity in cancer patients, indicating a significant role in tumor angiogenesis [4] .
Apart of direct involvement in basement membrane invasion by endothelial cells and the indirect angiogenic response elicited by releasing HS-bound angiogenic growth factors from ECM, heparanase has been recently demonstrated to exert tumorigenic effects independent of its enzymatic activity, such as Akt-dependent endothelial cell invasion and migration, and upregulation of VEGF gene expression through activation of Src [4] .
Cleavage of HS by heparanase may result in disassembly of the ECM and is a prerequisite for tumor invasion and extravasation of blood-borne cells. Heparanase immunostaining pattern and/or expression levels correlate with the metastatic potential of human tumors. Moreover, elevated levels of heparanase were detected in the urine and plasma of patients with aggressive metastatic disease [4] . Heparanase also stimulates tumor growth and metastasis by enhancing shedding of syndecan-1 [13] (see later).
As a close mimic of HS, heparin has been investigated as potential inhibitor of heparanase. In fact, heparin efficiently inhibits tumor cell heparanase and experimental metastasis [2, 4] . However, its GlcA-containing sequences are susceptible to cleavage by heparanase so that heparin acts also as a substrate for the enzyme [14] . In a search for tumor-inhibiting non-anticoagulant alternatives to heparin, regioselectively desulfated heparins (i.e., heparins where either N-sulfate, 2-O-sulfate, or 6-O-sulfate groups were removed) have been screened [2, 15] . In early studies, NA-H (formula 6) was identified as a heparin derivative endowed with anti-heparanase and antimetastatic activities [16] , though less potent than heparin [17] . The heparanase-inhibiting activity of heparin derivatives increases with increasing degrees of sulfation. However, 2-O-desulfated derivatives were found to retain the heparanase inhibition activity of heparin. In fact, neither 2-O-sulfate nor 6-O-sulfate groups are essential for efficient inhibition of heparanase, provided that at least one of these positions is extensively sulfated. Complete removal of N-sulfate groups followed by N-acetylation resulted in a substantial decrease in the inhibitory activity. However, as illustrated in figure 3 a, this effect was only noted for N-acetylation degrees higher than approximately 50%. In the framework of a systematic study aimed at obtaining heparanase-inhibiting species of heparin devoid of anticoagulant and pro-angiogenic activities, a pronounced gain of heparanase-inhibiting activity has been obtained following glycol splitting of both Nsulfated and N-acetylated heparins, as in derivatives RO.H (7) and NA-RO.H (8), respectively. Such a pronounced effect is illustrated by a comparison of graphs a and b in figure 3 . NA-RO.H emerged as the most potent heparanase inhibitor tested by us thus far [17, 18] . Glycolsplit heparins of the RO.H type (general formula 7) were found to inhibit metastasis in animal models [19, 20] . Certain non-acetylated, glycol-split heparins, such as H 50 gs (formula 9), obtained by glycol splitting also of some IdoA residues generated by controlled 2-O-desulfation of sequences 1, were found to exert a more direct antiangiogenic effect by inhibiting FGF-2 [21] and VEGF [22] . At least for FGF-2, such an effect is attributable to inhibition of dimerization of the growth factor [21] . Following another approach (i.e., by inhibiting interaction of the growth factor with its receptor), FGF-2-dependent angiogenesis was inhibited using 6-O-desulfated heparin [23] . Molecular modeling studies confirmed the assumption that glycol-split residues along the heparin chains act as flexible joints, thus favoring docking to the protein of the heparin sequences involved in binding to either the growth factor or heparanase [9] . H 50 gs showed a potent antiangiogenic activity also in wound-healing animal [24] . The dual action of some glycol-split heparin derivatives is attributed to different ways of binding to different heparin sequences. Thus, whereas H 50 gs (formula 9) interacts with FGF-2 through one of its disaccharide sequences 1 at a typical FGF heparin/HS-binding region [21] , heparanase-inhibiting glycol-split heparins are thought to span through two heparin/HS-binding regions of heparanase, with one of their glycol-split residues positioned between the two basic regions, close to the active site of the enzyme [18, 25] .
The antimetastatic action of heparin and non-anticoagulant heparins can be exerted also through inhibition of selectins [26] [27] [28] . P-and L-selectin mediate aggregation of cancer cells with platelets and leukocytes, respectively. Selectin inhibition is a clear component of heparin inhibition of metastasis while anticoagulation is not a necessary component of such inhibition. In fact, studies in animal models have demonstrated that some non-anticoagulant heparins are even more potent inhibitors of metastasis than unmodified heparin [29] [30] [31] . Inhibition of selectins plays a major role in attenuating early stages of metastasis. However, some additional antimetastatic effects are observed using doses of heparin higher than those used for prevention and therapy of thrombosis [30] . The two modes of action on metastasis could be dissected, as observed for selected glycol-split heparanase inhibitors devoid of anti-selectin activity [ 28 , 29; unpubl . results].
The molecular weight dependence of most of the cancer-related activities of heparin and non-anticoagulant heparins has not been yet systematically investigated. However, on the basis of biochemical and structural studies using heparin-derived oligosaccharides [32] , it can be predicted that such a size dependence is different for different protein targets. Whereas short heparin chains may directly bind FGF2 and VEGF, thus interfering with HSmediated dimerization of these and other growth factors and eventual mitogenic signaling through activation of their receptors, relatively longer chains are expected to induce the adverse effect of potentiating the mitogenic signaling [3] .
Octasaccharides are somewhat at the borderline between angiogenesis-inhibiting and -activating heparin fragments [3] . Indeed, they were shown to inhibit angiogenesis in vivo with decreasing efficacies correlated with decreasing involvement of FGF-2 in different models [33] . On the other hand, heparin oligosaccharides shorter than about eight monosaccharide residues are poor inhibitors of heparanase [18] as well as of selectins [34] . LMWH and -even more so -very-low MW (VLMW) heparins are consistently more effective than full-length UH in preventing angiogenesis in some animal models [35] . Since LMWHs have almost invariably shown more pronounced beneficial effects on cancer patients than UH [1] , it is conceivable that their antitumor activities are prevalently exerted by their shortest chain components, suggesting that the resulting action is associated more with growth factors-mediated inhibition of signaling than with other mechanisms -although they are poorer inhibitors of selectins than UH [34] . LMWHs contain species that could preferentially inhibit either growth factors, heparanase, or selectins, or act on all these target proteins. Thus, the relative contribution of LMWH to different mechanisms of antitumor actions appears to be dependent, at least in part, on the relative content of species with different MWs. Information on in vivo antitumor activities of small non-anticoagulant heparin species is scanty. However, comparison of UH and its fragments for their ability to inhibit effects on growth and metastasis of breast cancer cells indicated that UH modulates these effects with mechanisms of actions more complex than a heparin dodecasaccharide [36] . Although small heparin fragments are non-anticoagulant, especially if they do not contain the AT-binding domain, the subject of heparin fragments and synthetic oligosaccharides is beyond the scope of this overview. With non-anticoagulant heparins where anticoagulation was hampered without major changes in the internal structure, as, for example, by removal of chains containing the AT-bs or inactivation of this domain, the molecular weight dependence of antitumor activities is expected to parallel that of the corresponding coagulant species.
There is a general consensus that the beneficial effects of heparin species on cancer patients are multifactorial and may also involve mechanisms other than those mediated by growth factors and their receptors, heparanase, and selectins. In fact, release of TFPI from endothelium induced by heparin and non-anticoagulant heparins may significantly contribute to the antiangiogenic and antimetastatic activity of this TF inhibitor [37, 38] . Like most of the non-AT-mediated effects, also TFPI release from the vascular endothelium is thought to be mostly associated with NS regions of heparin and non-anticoagulant heparins. A minimum chain length of these heparin species is also expected for expression of a significant inhibitory activity. The interplay of actions of coagulation and tumor-promoting factors, though complex, is well documented [38] [39] [40] LMWH [39] . Although the mechanisms of the anticancer properties of heparins and their possible interplay are complex and still largely unclarified [40] , some heparinderived non-anticoagulant inhibitors of major activities involved in cancer growth and progression are emerging as drug candidates. The following section describes an example of such a potential application.
An N-Acetylated, Glycol-Split Heparin Effectively Blocks Myeloma Growth in vivo
Myeloma tumors are replete with HS due to high levels of syndecan-1 (CD138) on the surface of tumor cells [41, 42] . In addition, syndecan-1 is shed from the surface of myeloma cells and is an indicator of poor prognosis when present at high levels in myeloma patient serum [43] . A recent study of 324 myeloma patients demonstrated that serum syndecan-1 is an independent prognostic factor both at diagnosis and at the plateau phase of disease [44] . Studies in animal models have confirmed that shed syndecan-1 plays an active role in promoting myeloma progression by enhancing tumor growth, angiogenesis and metastasis within the bone [45, 46] . This likely occurs via HS chains on syndecan-1 binding to, and regulating the function of, multiple effector molecules (e.g. IL-6, IL-7, IL-8, HGF, FGF-2, VEGF, EGF-family ligands). Through these interactions, syndecan-1 acts to manage the crosstalk between the tumor and the bone marrow microenvironment.
The HS-degrading enzyme heparanase is also present and active in the bone marrow of myeloma patients where it correlates with high microvessel density and poor prognosis [47, 48] . Enhanced expression of heparanase stimulates expression and shedding of syndecan-1 [13, 48] , implying that in myeloma, syndecan-1 and heparanase act synergistically to drive tumor growth and progression [49] . In animal models, enhanced expression of heparanase increased growth and angiogenesis of myeloma tumors in addition to promoting spontaneous metastasis from subcutaneous sites to bone [50] . The importance of HS regulation of cross-talk within the myeloma marrow and the fact that heparanase can regulate HS function led to the hypothesis that targeting the HS/heparanase axis would be an effective therapy for myeloma [51] .
In animal models of myeloma, we found that the heparanase inhibitor NA-RO.H (formula 8: 100% N-acetylated and 25% glycol-split heparin, corresponding to 100 NA-RO.H in Naggi et al. [17] ) has potent anti-myeloma activity [50] . In animals bearing an established subcutaneous myeloma tumor treated for 28 days with 18 mg/kg/day of glycol-split heparin, 6/7 animals treated had detectable tumor with a mean wet weight of 30 mg. The mean tumor weight in controls was 450 mg. In animals treated with twice the concentration of glycol-split heparin, 36 mg/ kg/day, only 1/6 animals had a detectable tumor (weight 5 mg) at the end of the treatment period ( fig. 4 ) . Analysis of levels of human light chain in the serum of the treated mice confirmed that tumor burden was dramatically reduced in the animals treated with glycol-split heparin (mean levels of 7,341, 176 and 34 ng/ml, for control, 18 and 36 mg/kg/day treatment), respectively [50] .
These results demonstrate that this modified heparin can potently inhibit myeloma tumor growth in vivo without obvious side effects and reflect the potential for this as an anti-myeloma drug. Although the mechanism of action of NA-RO.H is not yet clearly defined, its anti-heparanase effects likely contribute to tumor growth inhibition. In addition, because it is a modified heparin, the compound may also interfere with normal HS function within the tumor microenvironment by acting as a competitive inhibitor. Such inhibition could interfere with the localization and bioavailability of heparin-binding factors. If indeed these heparins are targeting and disrupting the myeloma microenvironment, they may prove effective anti-tumor agents either singly or in combination with conventional chemotherapeutic drugs designed to target the tumor cell compartment. In contrast, only 1/6 animals treated with NA-RO.H has clearly detectable tumor. This was the only tumor that was found in any of the 6 animals at necropsy [50] .
